Yeast to directly convert cellulose and, especially, the microcrystalline cellulose into bioethanol, was engineered through display of minicellulosomes on the cell surface of Saccharomyces cerevisiae. The construction and cell surface attachment of cellulosomes were accomplished with two individual miniscaffoldins to increase the display level. All of the cellulases including a celCCA (endoglucanase), a celCCE (cellobiohydrolase), and a Ccel_2454 (β-glucosidase) were cloned from Clostridium cellulolyticum, ensuring the thermal compatibility between cellulose hydrolysis and yeast fermentation. Cellulases and one of miniscaffoldins were secreted by α-factor; thus, the assembly and attachment to anchoring miniscaffoldin were accomplished extracellularly. Immunofluorescence microscopy, flow cytometric analysis (FACS), and cellulosic ethanol fermentation confirmed the successful display of such complex on the yeast surface. Enzyme-enzyme synergy, enzyme-proximity synergy, and cellulose-enzyme-cell synergy were analyzed, and the length of anchoring miniscaffoldin was optimized. The engineered S. cerevisiae was applied in fermentation of carboxymethyl cellulose (CMC), phosphoric acid-swollen cellulose (PASC), or Avicel. It showed a significant hydrolytic activity toward microcrystalline cellulose, with an ethanol titer of 1,412 mg/L. This indicates that simultaneous saccharification and fermentation of crystalline cellulose to ethanol can be accomplished by the yeast, engineered with minicellulosome.
C ellulosic biomass is the most abundant renewable resources in the world. Producing a second generation bioethanol from cellulose can sustainably and affordably supply a large proportion of fuel with great environmental benefits and without threatening food supplies and biodiversity (1) (2) (3) . However, the key difficulty of industrial production of cellulosic bioethanol is in converting cellulose into fermentable sugars (4) . In a traditional process, cellulosic biomass is synergistically hydrolyzed by commercial cellulases, but the large consumption of cellulases and the independent steps of saccharification and fermentation make it costly and time-consuming. Lynd et al. (5) proposed a method known as consolidated bioprocessing (CBP) that combines enzyme production, cellulose hydrolysis, and fermentation into a single process. It has been reported to significantly reduce the cost of cellulosic ethanol production (6) .
Saccharomyces cerevisiae is an ideal engineered candidate for CBP to achieve the simultaneous cellulose saccharification and ethanol fermentation, because it has high ethanol productivity, strong ethanol tolerance, and clear hereditary information (7, 8) . In fact, as early as in the 1990s, researchers have begun to use cell secretion or cell surface display to endow the S. cerevisiae with noncomplexed cellulase systems (9, 10) . In such systems, cellulases were either cell-secreted into culture medium as free forms or independently displayed on yeast cell surface. The engineered S. cerevisiae were able to use amorphous cellulose directly, but ethanol yields were quite low. Compared with the noncomplexed cellulase system, enzymes in complexed cellulase system (cellulosome) are assembled by noncatalytic scaffoldin protein through high-affinity interactions between scaffoldinborne cohesins and enzyme-borne dockerins (6) . Scaffoldin usually contains a cellulose-binding domain (CBD) that can anchor the entire complex onto the cellulosic substrate (11) . It has been proposed that the grafting of cellulases onto scaffoldin leads to a spatial enzyme proximity that potentiates the synergism between catalytic units, which is further augmented by the enzyme-substrate targeting through CBD (12) . Cellulosome can also minimize the distance over which cellulose hydrolysis products must diffuse, allowing the efficient uptake of oligosaccharides by the host (13, 14) .
Bacterial cellulosomes can be classified into two types, i.e., (i) those containing a single scaffoldin, which are characteristic of most mesophilic Clostridia; and (ii) those that present multiple types of scaffoldins such as Clostridium thermocellum (15) . In C. thermocellum, the interaction between enzyme-borne type I dockerin and scaffoldin-borne type I cohesin determines the incorporation of cellulases into cellulosome. The interaction between the type II dockerin on cellulosomal scaffoldin and the type II cohesins on anchoring scaffoldin grafts the cellulosome onto the cell surface (16) . Theoretically, up to 63 cellulosomal enzymes can be attached to the anchoring scaffoldin. Such an organization may explain why C. thermocellum is so efficient at hydrolyzing microcrystalline cellulose (17) . During the past 2 y, several attempts have been reported to construct minicellulosomes with single scaffoldin on the S. cerevisiae surface (18) (19) (20) (21) . The recombinant yeast has been able to hydrolyze β-glucan, carboxymethyl cellulose (CMC), or amorphous cellulose, and the activity of cellulosome was observed as higher than that of free cellulases. However, the direct conversion of microcrystalline cellulose to ethanol remains a challenge. The low enzyme-display level or activity may lead to a slow catalysis and low fermentation efficiency (18) .
In the present work, we demonstrate the functional assembly of cellulosomes with two miniscaffoldins to increase the display level of complex on the S. cerevisiae surface. The type I cohesin-dockerin interaction was introduced to construct minicellulosomes, whereas the type II cohesin-dockerin interaction was used to mediate the anchoring of cellulosomes onto the cell. The species specificity of such two interactions ensures a clear distinction between the cellulosome assembly and cell surface attachment and also makes the grafting of catalytic units controllable. The recombinant S. cerevisiae showed the capability of directly using celluloses, especially microcrystalline cellulose, for bioethanol production.
Results
Minicellulosome Architecture and Its Assembly Mechanism. The recombinant strains used in this study are summarized in SI Text. As shown in Fig. 1 , the minicellulosome was composed of a scaffoldin I and three catalytic units. Scaffoldin I contained a C-terminal type II dockerin (DocII), a CBD, and three type I cohesins (CohI-1, CohI-2, and CohI-3). The catalytic units included a celCCA [endoglucanase (EG)], a celCCE [cellobiohydrolase (exoglucanase) (CBH)], and a Ccel_2454 [β-glucosidase (BGL)], making the minicellulosome meet the minimum requirement for crystalline cellulose hydrolysis. All of the cloned cellulases used were from mesophilic Clostridia, ensuring the thermal compatibility between cellulose hydrolysis and yeast fermentation. Each cellulase had an exogenous or native type I dockerin (DocI-1, DocI-2, and DocI-3), which could be docked individually with type I cohesins on the scaffoldin I. DocI-1/CohI-1, DocI-2/CohI-2, and DocI-3/CohI-3 were from Clostridium cellulovorans, Clostridium cellulolyticum, and C. thermocellum, respectively, the interactions of which were species-specific (22) . The scaffoldin II that contained one to four repeating type II cohesins (CohII) was yeast surface-displayed using a pYD1 Yeast Display Vector Kit (Invitrogen). The C terminus of the scaffoldin II was tagged with a V5 epitope for furtherimmunofluorescence analysis. CohII failed to recognize any type I cohesins; rather, it was bound specifically to DocII. This arrangement served to anchor the whole minicellulosome to the yeast cell surface. Scaffoldin I and cellulases were secreted into culture medium by α-factor and assembled extracellularly. The binding of minicellulosomes onto scaffoldin II inside the cells would increase tremendously the difficulties in surface displaying.
Identification of Yeast Surface Display by Immunofluorescence
Analysis. The expression of scaffoldin II on the yeast cell surface was confirmed with immunofluorescence microscopy and flow cytometric analysis (FACS) (Fig. 2) . As expected, the control was not immunostained, whereas the recombinant yeast EBY (EA2-1), EBY (EA2-2), EBY (EA2-3), and EBY (EA2-4) were all brightly fluorescent (Fig. 2 , immunofluorescence micrograph), indicating that all four different scaffoldin IIs were successfully displayed on the surface of the host. However, the decreasing fluorescent spots observed in EBY (EA2-4) indicate that the display level on this strain was low. FACS data (Fig. 2, FACS) showed similar results: EBY (EA2-1), EBY (EA2-2), and EBY (EA2-3) gave significantly higher fluorescence signals than EBY (EA2-4). The scaffoldin II of EBY (EA2-4) was threefold larger than that of EBY (EA2-1), indicating that large passenger proteins limited the efficiency of surface expression using pYD1 Yeast Display Vector Kit, which was also observed in other display systems (23) .
Display Level of Miniscaffoldin II. The productivity of minicellulosome depends on the total number of yeast hosts that successfully display scaffoldin II and also depends on the scaffoldin II display levels on such yeasts. The results of FACS analysis (see Fig. 3A ) gave the percentage of the positively staining population [P2/(P1 + P2) (% parent)], the mean immunofluorescence intensity of the positively staining population [P2 (FITC-A mean)], and the mean immunofluorescence intensity of all the yeast populations [P1 + P2 (FITC-A mean)].
As shown in Fig. 3A , P2/(P1 + P2) (% parent) of EBY (EA2-1) and EBY (EA2-2) were nearly the same (∼50%). Significant declines were observed in EBY (EA2-3) (∼40%) and EBY (EA2-4) (∼25%), suggesting that the percentage of the recombinant yeast cells displaying scaffoldin II decreased when scaffoldin II became larger. It might be caused by the increased metabolic burden and the recombinant plasmids instability. The growth curves of EBY (EA2-1), EBY (EA2-2), EBY (EA2-3), and EBY (EA2-4) during induction (shown in Fig. 3B ) might prove such a presumption. As observed, (EA2-3) and EBY (EA2-4) grew much slower than EBY (EA2-1) and EBY (EA2-2). EBY (EA2-1) had the highest P2 (FITC-A mean) (∼7,000) (see Fig. 3A ), followed by EBY (EA2-2) (∼4,200), EBY (EA2-3) (∼3,700), and EBY (EA2-4) (∼2,300), indicating that the smaller scaffoldin II had a higher display level on the yeasts that succeeded in scaffoldin II expression. It was consistent with our expectation that the larger fusion protein would take a larger space on the cell surface, resulting in a lower display level, because the cell surface area of each yeast was definite. P1 + P2 (FITC-A mean) was affected by P2/(P1 + P2) (% parent) and P2 (FITC-A mean). Obviously, the highest P1 + P2 (FITC-A mean) was obtained when using EBY (EA2-1) (shown in Fig. 3A) , and sharp declines were observed in EBY (EA2-2), EBY (EA2-3), and EBY (EA2-4). Of course, a higher value of P1 + P2 (FITC-A mean) did not indicate higher minicellulosome productivity (discussed below).
Functional Analysis of Minicellulosomes and Optimization of
Miniscaffoldin II. To prove the successful assembly of minicellulosome on the yeast surface and demonstrate its functionality, CMC, phosphoric acid-swollen cellulose [PASC (86.2)], or Avicel (QXTD-Biotechnology, Beijing) was used as the sole carbon source for cellulosic bioethanol production. As shown in Fig. 4A , all of the induced EBY (EA2-1), EBY (EA2-2), EBY (EA2-3), and EBY (EA2-4) showed the capability of directly converting cellulose into ethanol. Cellulose could not get through the cell wall, so it could not be hydrolyzed by intracellular cellulases. Also, the introduced cells were washed twice before fermentation, suggesting that the hydrolysis of cellulose could not be accomplished by the secreted free cellulases. Fig. 4A shows that the ethanol titer of strain EBY [EA2-2 (−)] lacking scaffoldin I was quite low compared with EBY (EA2-1), EBY (EA2-2), EBY (EA2-3), and EBY (EA2-4), indicating that few cellulases were secreted during fermentation. The reason might be the plasmid instability, because the medium used in fermentation did not have any selective pressure for recombinant strains. Therefore, the cellulases functioning in the cellulosic ethanol conversion only possibly appeared on the yeast cell surface, indicating the success in minicellulosome assembly by the recombinant S. cerevisiae EBY100.
Interestingly, Avicel was preferred for bioethanol fermentation (see Fig. 4A ) in our work, although CMC and PASC were thought more accessible by cellulases (24, 25) . The fermentations of S. cerevisiae EBY100 in YPD supplemented with CMC, PASC, or Avicel were compared, and no difference in ethanol titer was found (∼9.5 g/L). Therefore, it could not be the cell physiological changes induced by adding CMC, PASC, or Avicel that caused the difference in ethanol titers. Maybe, the enzymeproximity synergy (discussed below) and cellulose-enzyme-cell synergy were two of reasons that led to such phenomena. Potential benefits of the cellulose-enzyme-cell complexes for cellulolytic microorganisms have been suggested (6, 14, 26) , including preferred access to hydrolysis products and local concentration of cellulases. It has been reported that the binding capacity of CBD was higher for the highly crystalline cellulose (27) ; thus, using Avicel was most prone to form cellulose-enzyme-cell complex, followed by PASC and CMC. Increasing the viscosity of the medium caused by cellulose would weaken the diffusion of hydrolysis products, indicating the poor fermentation. Addition of CMC induced the highest viscosity, followed by PASC and Avicel. Moreover, it has been reported that swelling of microcrystalline cellulose with the high concentrations of phosphoric acid resulted in a more slowly fermented substrate, despite a decrease in crystallinity and an increase in pore volume (28) . This reduced fermentation rate was attributable to the partial conversion of the cellulose from type I to type II allomorph.
Theoretically, the value of P1 + P2 (FITC-A mean) multiplied by the CohII repeating number of corresponding scaffoldin II reflected the minicellulosome productivity. Supposing EBY (EA2-1) was 100%, as shown in Fig. 4B , curves of the prediction and the experimental data for minicellulosome productivity have the similar variation tendency. EBY (EA2-2) had the best performance in cellulosome assembly and bioethanol conversion [995 mg/L, CMC; 1,148 mg/L, PASC (86.2); 1,400 mg/L, Avicel] because of the proper length of scaffoldin II that increased the cellulosome-anchoring level on the cell surface without heavy metabolic burden and serious plasmid instability. Twenty percent (CohII = 0) in experimental data might be induced by incomplete removal of ethanol and glucose before the yeast cells were used in fermentation. For CohII > 1, the experimental data were lower than predicted. It was possible that the steric hindrance among the anchoring minicellulosomes made the scaffoldin II-borne CohIIs not be completely grafted.
Enhancement of Activity by Enzyme-Enzyme Synergy and EnzymeProximity Synergy. Microorganisms produce multiple enzymes to degrade plant cell materials, known as enzyme systems.
Complete hydrolysis of cellulose requires the synergistic action of endoglucanase, exoglucanase, and β-glucosidase (6). In our case, celCCA cuts at random at internal amorphous sites in the cellulose polysaccharide chain, generating oligosaccharides with various lengths and consequently new chain ends. celCCE acts in a progressive manner on the reducing or nonreducing ends of cellulose polysaccharide chains, liberating either glucose or cellobiose as major products. Ccel_2454 hydrolyzes soluble cellodextrins and cellobiose into glucose. Such enzyme-enzyme synergy ensured the recombinant S. cerevisiae EBY100 could directly use cellulose. As observed in Fig. 5A, EBY (E-2) , EBY (A-2), and EBY (2454-2) showed a little capacity of cellulosic ethanol production (∼314 mg/L on average), indicating that the unifunctional minicellulosomes were not quite efficient in Avicel hydrolysis. In contrast, the ethanol titer of bifunctional minicellulosome increased to 3.2-fold (∼1,004 mg/L on average). As mentioned above, the corresponding ethanol titer of EBY (EA2-2) was 1,400 mg/L; thus, it was 3.6-fold higher than that of unifunctional minicellulosomes. Moreover, both trifunctional and bifunctional minicellulosomes exhibited higher collective activity than the sum of the activities of individual unifunctional minicellulosomes, indicating that the enzyme-enzyme synergies between celCCA and celCCE, celCCA and Ccel_2454, and celCCE and Ccel_2454 surely existed.
The enzyme-proximity synergy was also investigated in this study. celCCA, celCCE, Ccel_2454, and miniscaffoldin I produced by Escherichia coli were applied. CMC, PASC (86.5), PASC (75.5), and Avicel were used as cellulosic substrates. As observed in Fig. 5B , complexation of celCCA, celCCE, and Ccel_2454 onto scaffoldin I induced the increase in activity. The hydrolysis ability of cellulases was increased to 1.3-fold on average. Both free cellulases and minicellulosome showed higher activity toward CMC and PASC (86.2) than PASC (75.5) and Avicel. However, the activity enhancement toward highly crystalline cellulose was more obvious [CMC, 1.21-fold; PASC (86.2), 1.30-fold; PASC (75.5), 1.31-fold; Avicel, 1.56-fold]. This is probably attributable to the different binding capacities of CBD on these celluloses.
Direct Fermentation of Microcrystalline Cellulose to Ethanol. Direct ethanol fermentation from Avicel or PASC (75.5) was examined using EBY (EA2-2). As shown in Fig. 6 , Avicel was better as the carbon source than PASC (75.5). Fermentation of PASC prepared by low concentration of phosphoric acid (75.5%) did not improve the ethanol production compared with PASC (86.2) (see Fig. 4A ). In this study, the ethanol titer quickly increased within 4 d. The elevation in ethanol production was accompanied gram of PASC (an ethanol titer of ∼1,800 mg/L) using another recombinant EBY100. Accordingly, the maximum cellulose consumption for Avicel and PASC (75.5) in our work should reach 45% (4.5 g/L) and 35% (3.5 g/L). Moreover, the reducing sugar concentrations during the fermentation were below the detection limit. This indicates that all of the reducing sugar was quickly consumed, resulting in no detectable reducing-sugar accumulation in the medium. The glucose in reducing sugar was directly consumed, but the cellobiose should be first converted into glucose by β-glucosidase.
Discussion
Engineering S. cerevisiae as a CBP microorganism by display of minicellulosomes on the cell surface for cellulosic ethanol production has been aggressively investigated. Clear assembly mechanism and specificity between cohesin and dockerin lay the foundation for such investigation. Lilly et al. (30) successfully displayed a chimeric scaffoldin protein from C. cellulolyticum on the S. cerevisiae cell surface. Phenotypic evidence for cohesindockerin interaction was established with the detection of a twofold increase in tethered endoglucanase enzyme activity. Ito et al. (31) constructed a surface display system to control the ratio of Trichoderma reesei endoglucanase II and Aspergillus aculeatus β-glucosidase on S. cerevisiae. The recombinant yeast was able to hydrolyze β-glucan to glucose. To date, only two groups have successfully constructed trifunctional minicellulosome on S. cerevisiae, accomplishing the combining cellulase production, cellulose hydrolysis, and ethanol fermentation into a single step. Wen et al. (18) reported that the trifunctional minicellulosomes showed enhanced enzyme-enzyme synergy and enzyme-proximity synergy. The engineered yeast could simultaneously break down and ferment PASC to ethanol with a titer of ∼1,800 mg/L. Chen and colleagues (19) assembled minicellulosome in vitro with a yeast-displayed miniscaffoldin and E. coli-produced cellulases. Ethanol productivity reached 3.5 g/L when using PASC as the cellulose substrate. Also, Chen and colleagues reported the surface assembly of a functional minicellulosome by using a synthetic yeast consortium (20, 21) . The miniscaffoldin display and cellulases secretion were accomplished by four recombinant S. cerevisiae. The optimized consortium produced 1.87 g/L ethanol from amorphous cellulose.
In these studies, the cellulose saccharification capability of the engineered S. cerevisiae with minicellulosome has been proven, and the cellulolytic activity was found higher than that of free cellulases. However, direct conversion of microcrystalline cellulose remains a challenge. Possible reasons were given previously: i) Both Wen et al. (18) and Chen and colleagues (19-21) used a single scaffoldin for minicellulosome construction and surface anchoring. Such organization seriously limited the cellulosome productivity. As mentioned, natural microorganisms usually have multiple types of scaffoldins. Some of the scaffoldins are used for cellulosome construction, and the others are for cell surface attachment. With the increase of cohesin numbers on anchoring scaffoldin, the cellulosome display level is raised considerably. ii) Intracellular assembly of minicellulosome challenges the efficient display of complex. The molecular mass of the natural cellulosome is >3 MDa (15), so direct display of such large protein complex is quite difficult. Displaying anchoring scaffoldins and secreting catalytic and noncatalytic units are usually two independent steps in natural microorganisms. The assembly of units is accomplished outside of the cells (11) . In the work of Wen et al. (18), the catalytic and noncatalytic units were assembled inside S. cerevisiae, and then the whole complex was surface-anchored through signal peptide, indicating that the display level of minicellulosome would inevitably decrease. The data showed that their cellulosic ethanol titer was only 51% of that of Chen and colleagues (19) . iii) The cellulose hydrolysis and the ethanol fermentation were not thermally compatible. The EG and BGL in the work of Chen and colleagues (19) were cloned from C. thermocellum. Although the cellulosome of C. thermocellum has great efficiency in cellulose hydrolysis, its optimal temperature for cellulolytic activity is around 72°C (17) . At temperatures below 40°C, the activity toward microcrystalline cellulose would be completely lost. Even for soluble cellulose (CMC), only <30% of the hydrolysis capability remained. The optimal growth temperature of S. cerevisiae is 30°C; thus, the cellulases from C. thermocellum was not compatible with the engineered host.
Therefore, heterologous display of minicellulosomes on S. cerevisiae should follow the natural assembly mechanism and capture the relationship among cellulase, cellulosome, cellulose, and the host yeast. In our study, minicellulosomes containing EG, CHB, and BGL were successfully displayed on the cell surface of S. cerevisiae EBY100. The cellulosome construction and its attachment were accomplished by two individual miniscaffoldins, resulting in an increased display level. Cellulases were cloned from C. cellulolyticum, ensuring the thermal compatibility between cellulose hydrolysis and yeast fermentation. Except for the anchoring miniscaffoldin, all of the other cellulosomal units were first secreted by α-factor and then assembled through cohesin-dockerin interaction extracellularly. Unit secretion decreased the complexdisplay resistance, and the species-specific interaction ensured the cellulosomal units in order distribution. Through enzyme-enzyme synergy, enzyme-proximity synergy, and cellulose-enzyme-cell synergy, the engineered S. cerevisiae EBY100 was able to direct conversion of Avicel to bioethanol. The highest ethanol titer reached 1,412 mg/L after optimizing the anchoring miniscaffoldin length. This report describes recombinant yeasts capable of producing ethanol from microcrystalline cellulose by cell-associated minicellulosome. The research promotes the application of S. cerevisiae as CBP microorganism in cellulosic ethanol production.
Materials and Methods
Strains and Media. E. coli Top10 was used for genetic manipulations, and E. coli BL21 (DE3) was the host for intracellular expression of cellulases and miniscaffoldin. S. cerevisiae EBY100 (Invitrogen) was used for yeast cell surface display. C. thermocellum ATCC 27405 was laboratory-stored. C. cellulolyticum DSM 5812 and the genomic DNA of C. cellulovorans DSM 3052 were purchased from DSMZ. E. coli cultures were grown in Luria-Bertani (LB) medium (1% tryptone, 0.5% yeast extract, 1% NaCl) supplemented with either 100 μg/mL ampicillin or 50 μg/mL kanamycin. S. cerevisiae EBY100 was grown in YPD medium (1% yeast extract, 2% (wt/wt) peptone, and 2% (wt/ wt) glucose). S. cerevisiae EBY100 transformants were selected on -Trp or -Trp-Leu minimal dextrose plates [0.67% yeast nitrogen base with ammonium sulfate and without amino acids (YNB), 2% (wt/wt) glucose, 1.5% (wt/ wt) agar, appropriate supplement of Leu]. The recombinant yeasts were precultured in SC-Trp or SC-Trp-Leu medium containing glucose [0.67% YNB, 2% (wt/wt) glucose, 0.01% (adenine, arginine, cysteine, lysine, threonine, uracil), 0.005% (aspartic acid, histidine, isoleucine, methionine, phenylalanine, proline, serine, tyrosine, valine), appropriate supplement of Leu] and were induced in SC-Trp or SC-Trp-Leu medium containing 2% (wt/wt) galactose instead of glucose. The yeast induction medium was supplemented with 10 mM CaCl 2 .
Plasmid Construction. Expression cassettes of cellulases and scaffoldin I were first assembled in pUC19 and then introduced into pRS425 (laboratory-stored) or pYD1 (Invitrogen). Scaffoldin IIs were constructed in pET22b (+) (laboratory-stored) and then ligated into pYD1 under GAL1 promoter. Plasmids used for E. coli expression were constructed based on pET28a (laboratory-stored) or pETduet-1 (laboratory-stored). Information regarding the recombinant plasmids is shown in SI Text.
Yeast Surface Display and E. coli Expression. The recombinant yeasts were precultured in SC-Trp or SC-Trp-Leu medium containing 2% glucose for 36 h at 30°C. After washing with distilled water, the precultures were subinoculated into induction medium at an OD 600 of 1.0 and grown at 20°C for over 60 h. Protein expression in E. coli was induced with 0.2 mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) at 25°C for 8 h when cells were grown to an OD 600 of 0.5. The E. coli cells harvested were resuspended in a 100 mM Tris-HCl buffer supplemented with 10 mM CaCl 2 (pH 5.5) at 20:1 and then disrupted by sonication on ice. Cellular debris was removed by centrifugation for 10 min at 11,000 × g, and the supernatant was stored at −20°C for further enzyme assays.
Immunofluorescence Microscopy and FACS. Induced recombinant yeasts were harvested by centrifugation at 8,000 × g and washed two times with PBS. Cells were then resuspended in PBS containing 1 mg/mL BSA and 2 μg/mL mouse anti-V5-FITC antibody (Invitrogen) to an OD 600 of 1.0 for 4 h at 4°C. Before analysis, the cell-antibody complex was washed two times with PBS. Photographs were taken using an immunofluorescence microscope (OPTEC).
FACS was analyzed with FACSAria II (BD).
Enzyme Assays. The supernatants containing cellulases and miniscaffoldin were mixed in 100 mM Tris-HCl buffer with 10 mM CaCl 2 (pH 5.5) and kept for 2 h at 4°C for minicellulosome assembly. The enzymatic activity of cellulases or cellulosome against cellulosic substrates was quantified by 3, 5-dinitrosalicylic acid (DNS) assay. The substrates were Avicel as microcrystalline cellulose, PASC as amorphous cellulose prepared from Avicel as described previously (32) , and CMC as soluble cellulose. Cellulases or cellulosome were incubated with 0.1% substrate in 100 mM Tris-HCl buffer with 10 mM CaCl 2 (pH 5.5) for 16 h at 30°C. After addition of DNS and boiling for 2 min, reducing sugars were quantified colorimetrically at an OD of 540 nm.
Fermentation. After induction, yeast strain was washed twice with YP medium (1% yeast extract, 2% peptone, 10 mM CaCl 2 ) and resuspended in YP medium supplemented with 0.001% ergosterol, 0.042% Tween 80, and 1% Avicel or PASC or CMC to an OD 600 of 50. Fermentation was carried out anaerobically in a 50-mL flask at 30°C with agitation at 250 rpm. The ethanol concentration was determined by gas chromatography (GC-2010; Shimadzu) with a flame ionization detector and a glass column (Porapak Q; 80/100 mesh; 2 m; Sigma-Aldrich).
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Fan et al. 10 .1073/pnas.1209856109 Fig. S1 . Recombinant plasmids pYD-ScaI-ScaII-4 and pRS-celE-celA-2454 used in this study. The structures of pYD-ScaI-ScaII-1, pYD-ScaI-ScaII-2, and pYD-ScaIScaII-3 were similar to pYD-ScaI-ScaII-4. The only difference was that they had one, two, and three repeating CohIIs, respectively. Plasmid pYD-ScaII-2 did not have miniscaffoldin I expression cassette, and its miniscaffoldin II had two repeating CohIIs. The structures of plasmids pRS-celE, pRS-celA, pRS-2454, pRS-celEcelA, pRS-celE-2454, and pRS-celA-2454 could be derived from pRS-celE-celA-2454 by removing proper gene expression cassettes. pET28-ScaI, pET28-celA, and pET28-2454 were constructed based on pET28a. They were used for expression of miniscaffoldin I, celCCA, and Ccel_2454 in E. coli. pETduet-celE was constructed based on pETduet-1 and for E. coli expression of celCCE. All of the plasmids pET28-ScaI, pET28-celA, pET28-2454, and pETduet-celE used T7 promoter and T7 terminator, and α-factor was not fused with genes. Yeast constitutive promoters (PGK1p, 750 bp; TEF1p, 412 bp; TEF2p, 560 bp) and the corresponding terminators (CYC1t, 249 bp; PGIt, 401 bp; TPI1t, 401 bp) were PCR-amplified from the genomic DNA isolated from S. cerevisiae EBY100. Galactose-inducible promoter (GAL10p, 491 bp) and the corresponding terminator (ADH1t, 324 bp) were amplified from pYES2 (Invitrogen). Yeast-secretion signal (α-factor, 270 bp) was amplified from pPICZαA (Invitrogen). Cellulases [celCCE without native dockerin, 2,403 bp; celCCA with native dockerin (DocI-2), 1,350 bp; Ccel_2454, 2,133 bp] and CohI-2 (438 bp) were cloned from the genomic DNA isolated from C. cellulolyticum DSM 5812. DocI-3 (246 bp), CohI-3 with CBD (1,131 bp), DocII (492 bp), and CohII (522 bp) were amplified from the genomic DNA isolated from C. thermocellum ATCC 27405. DocI-1 (174 bp) and CohI-1 (414 bp) were amplified from the genomic DNA of C. cellulovorans DSM 3052. All of the primers are listed in Table S2 -S7. Name Sequence
F, forward; R, reverse. Table S3 . Primers used for shifting cellulase gene expression cassettes into pRS425
Name Sequence M3-NotI-F ATAAGAATGCGGCCGCGTAAAACGACGGCCAGT M3-NotI-R ATAAGAATGCGGCCGCAGATCTCAGGAAACAGCTATGAC M3-BglII-F GAAGATCTGTAAAACGACGGCCAGT M3-BglII-R GAAGATCTGCATGCCAGGAAACAGCTATGAC M3-SphI-F ACATGCATGCGTAAAACGACGGCCAGT M3-SphI-R ACATGCATGCCAGGAAACAGCTATGAC Table S4 . Primers for constructing miniscaffoldin I expression cassette in pUC19
Name Sequence
GAL10p-F CGGAATTCCTGATTAATTACCCCAGAAATAAGGC GAL10p-R CGGAATTCTTATATTGAATTTTCAAAAATTCTTACTT ADH1t-F ACGCGTCGACTGGACTTCTTCGCCAGAGGTTTGG ADH1t-R CCCAAGCTTGCATGCCGGTAGAGGTGTGGTC α-factor-F See Table S1 α-factor-R See Table S1 CohI-1-F GCTCTAGAACACCAGTTGAAGCTGTAACAGCTA CohI-1-R GCTCTAGATGATAGTTACTGTTCCTGGGTTAACTGC CohI-2-F CGGGATCCGGCGATTCTCTTAAAGTT CohI-2-R CGGGATCCTTGAGTACCAGGATCTAT CohI-3-CBD-F CGAGCTCGGTGTGGTAGTAGAAATTGGCAAAG CohI-3-CBD-R CGGGATCCCGGATCATCTGACGGCGGTATT DocII-F AACTGCAGaataaacctgtaatagaagg DocII-R CCCAAGCTTTTACTGTGCGTCGTAATCAC Table S5 . Primers used for shifting miniscaffoldin I expression cassette into pYD1 or pET28a
Name Sequence pYD1-mutation-F GCGTCGACACTAGTATTACGCCAAGCTCGGAATT pYD1-mutation-R GCGTCGACAGATCTCATGGTCATAGCTGTTTCCTG Scaff I-pYD1-F GGACTAGTCTGATTAATTACCCCAGAAATAAGGC Scaff I-pYD1-R GAAGATCTGCATGCCGGTAGAGGTGTGGTC Scaff I-pET28-F GGAATTCCATATGGGTGTGGTAGTAGAAATTGGC Scaff I-pET28-R CCGCTCGAGTTACTGTGCGTCGTAATCAC F, forward; R, reverse. Table S6 . Primers for construction of miniscaffoldin IIs in pET22b (+), and for shifting miniscaffoldin IIs into pYD1 Table S7 . Primers used for expression of cellulases in E. coli based on pET28a or pETduet-1
Name Sequence celCCA-pET28-F GGAATTCCATATGTATGATGCTTCACTTATTCCGAATC celCCA-pET28-R CCGCTCGAGTTAGTTGCTTGGAAGCTTACTTACC celCCEdoc-pETduet-F GAAGATCTCCATCATCACCATCACCATATAGG celCCEdoc-pETduet-R CCGCTCGAGTTAGTTCTTGTACGGCAATG Ccel_2454-pET28-F GGAATTCCATATGCAATACGATCAGATAGATAA Ccel_2454-pET28-R CCGCTCGAGTTAAGCAAGAAGTGCTTTCTTTAA
